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In equilibrium, wormlike micelles can transition from entangled to branched structures with increasing surfactant concentrations
and ionic strength. Under flow conditions, structural transition of micellar solutions can follow very different trajectories. In this
study we consider the flow of a semi-dilute wormlike micellar solution through an array of microposts, with focus on its rheolog-
ical and microstructural evolutions. Specifically, the micellar solution (precursor) contains cationic surfactant cetyltrimethylam-
monium bromide (CTAB) and hydrotropic organic salt 3-hydroxynaphthalene-2-carboxylate (SHNC). We report the formation
of a flow induced structured phase (FISP), with entangled, branched, and multi-connected micellar bundles, evidenced by elec-
tron microscopy and small-angle neutron scattering (SANS). By integrating gold-etched microheaters with the micropost design
in a microfluidic device, we investigate the localized temperature effect on both the precursor and FISP, with complementary
investigations from SANS. We observe that the FISP does not completely disintegrate at high temperatures, whereas, the pre-
cursor exhibits shortening of wormlike micelles as temperature increases. We also correlate the microstructure of both FISP and
precursor with two point passive microrheology and bulk rheology characterizations.

1 Introduction

Surfactant molecules spontaneously self assemble in aqueous
solutions above a critical micellar concentration (CMC). Mix-
ing inorganic salts (e.g., sodium chloride, NaCl) or organic
salts (e.g., 3-hydroxynaphthalene-2-carboxylate, SHNC) with
cationic surfactants reduces electrostatic interactions within
surfactant head groups and induces micellar growth1–6. Struc-
turally similar to surfactants, hydrotropic salts can act as
strong “binding” additives and reduce surface tension in an
aqueous solution. A number of organic hydrotropic salts
such as NaSal7 and SHNC8,9 have been studied in combi-
nation with cationic surfactants because these mixtures can
reduce the charge density of surfactant micellar aggregates
significantly, enhancing ion pairing and surface activity of
the micelles above a minimum hydrotropic concentration,
and promoting growth of wormlike micelles at a much lower
salt/surfactant ratio in comparison to other salts10–13. In par-
ticular, hydrotropic organic salt SHNC has drawn considerable
attention as HNC− ions (3-hydroxynaphthalene-2-carboxylic
acid (HNC)) have exhibited sensitive responses under vary-
ing temperature, ionic strength, and flow conditions, due to
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the strong hydrophobicity and napthalene structure (two fused
benzene rings) present in the SHNC (see Fig. 1). SHNC
is thus considered as an anionic surfactant similar to SDS
but with a shorter hydrophobic tail14–16. Since a closer
proximity and better interactions between carboxyl (position
2) and hydroxyl (position 3) groups are present in SHNC
molecules, stronger bonds can be formed in wormlike micelles
(see Fig. 1). Therefore, it is proposed that the specific ge-
ometry in SHNC is responsible for certain phase transition
behavior in SHNC-cationic surfactant solutions when com-
pared with other organic salts (e.g., NaSal)5,17,18. For exam-
ple, Mishra et al.19,20 investigated the phase behavior of an
aqueous mixture of SHNC/CTAB by fixing the CTAB con-
centration at 60 mM and increasing the SHNC/CTAB molar
ratio. They observed the transition of small micellar aggre-
gates to a positively charged gel phase. Further increase of
the SHNC induced the formation of a liquid crystallization
lamellar phase, followed by a precipitate multi-lamellar vesi-
cle phase at equal molar SHNC/CTAB concentration. They ar-
gued that the excess Na+ (from SHNC) and Br− (from CTAB)
ions in the solution screened the electro–repulsive forces be-
tween vesicles and collapsed them into sticky and thick pre-
cipitates15. Moreover, micelles in cationic-SHNC solutions
are very sensitive to temperature variations. Kalur et al.21

observed an unusual increase of the shear viscosity and re-
laxation time of a mixture of 280 mM SHNC and 60 mM of
erucyl bis(hydroxyethyl)methylammonium chloride (EHAC)
at elevating temperatures. Verma et al.22 reported the for-
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mation of elongated micelles and vesicles from SHNC/CTAB
mixtures with excessive amount of SHCN, by using bulk
rheometry and light scattering techniques. They proposed that
HNC− ions could desorb from the micelles and decrease the
surface charge of micelles with elevating temperatures or di-
lution, promoting growth of wormlike micelles with enhanced
viscoelasticity.

Recently, we reported the formation of a flow-induced
structured phase (FISP) by using low concentrations of hy-
drotropic organic salt sodium salicylate ([NaSal] =16 mM
and [CTAB] =50 mM, with salt to surfactant molar ratio of
0.32)23. We suggested that the formation of NaSal-based FISP
was induced by spatial confinement, accompanied by local mi-
cellar concentration fluctuations and entropic fluctuations dur-
ing the flow24–26. Since SHNC has dual beneze rings in com-
parison to the single beneze ring structure in NaSal, stronger
hydrophobicity and noncovalent interactions between adjacent
micelles are expected as hydrophobic HNC− ions need to be
shielded from water to stabilize these micelles. Consequently,
domains of π − π ions are paired and cation−π groups are
formed between HNC− ions and adjacent hydrophobic CTAB
headgroups, inducing stable and more extensible micellar net-
works that exhibit versatile response under temperature varia-
tions21. Further, the high hydrophobicity of SHNC induces
denser micellar structural formation that could be used as
micro-membranes for flow separations19,21,27,28 and encapsu-
lation of nano/micro entities29,30. Motivated by the forma-
tion of NaSal-based FISP and the temperature sensitive nature
of SHNC, we explored the formation of SHNC-based FISP
with thermal effects in this work. In particular, we focused on
the aqueous mixture of SHNC/CTAB ([SHNC]=14.4 mM and
[CTAB]=45 mM, with salt to surfactant molar ratio of 0.32).
We used a microfluidic device consisting of hexagonal micro-
post arrays (same device as used in Cardiel et al.23) to form
the FISP (see Fig. 1 and Fig. 3). The strong binding affin-
ity (cation-π and π − π) between hydrophobic naphthalene
structures in SHNC micelles greatly facilitates the formation
of nanoporous FISP with strong viscoelastic properties under
spatial confinement in microfluidics. We performed bulk rhe-
ological characterization of the original liquid precursor, as
well as two point passive microrheology of the FISP. We used
small-angle neutron scattering (SANS), transmission electro
microscopy (TEM), and scanning electron microscopy (SEM)
to characterize the microstructure of the FISP.

2 Materials and Methods

2.1 Precursor preparation

The wormlike micellar solution (precursor) was an aqueous
mixture of the cationic surfactant cetyltrimethylammonium
bromide (CTAB), purchased from Sigma-Adrich (Saint Louis,
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Fig. 1 The naphthalene structure present in SHNC favors curvature
change and ion pairing of CTAB micelles and induces
uni-dimensional growth of wormlike micelles (precursor). The 4, 5,
6, and 7 positions are present in a nonpolar environment inside the
micelles19. When the precursor is subjected to high strain rates of
∼3.7 x 104 s−1 and total strain of ∼2.1 x 103 s−1, entangled
micellar networks (FISP) begin to emerge.

MO), and hydrotropic organic salt 3-hydroxy naphthalene-
2-carboxylate (SHNC), purchased from TCI America (Port-
land, OR). All chemicals were used as received. The solution
was prepared by adding the appropriate amount of CTAB and
SHNC to deionized (DI) water and mixed for 24 hours. The
precursor was left at rest for 1 week to equilibrate. The pre-
cursor concentration was fixed at [CTAB]=45 mM with the
molar ratio R = [SHNC]/[CTAB] = 0.32, which falls under
semi-dilute regime (see details in supporting information).

2.2 Microfluidic Device Fabrication

The microfluidic devices were fabricated by using standard
soft lithography techniques.31 Briefly, a thin layer of SU-8
2050 photoresist (MicroChem Corp., Newton, MA) was spun
onto a silicon wafer and cured. A Heidelberg µPG-101 ma-
chine (Heidelberg Instruments GmbH, Heildelberg, 45 Ger-
many) at 4× speed and 75% of 18 mW was applied to write
the mold of microchannel onto the photoresist. The wafer was
subsequently cured, developed, and surface treated to render it
hydrophobic. Modeling glue sticks the silicone tubing ports at
the designated inlets and outlets of the microchannel. A 10:1
mixture of Sylgard 184-PDMS elastomer was poured onto the
etched wafer, desiccated, and cured at 60 ◦C for ∼1 hour. The
resulting PDMS cast was peeled off from the wafer and plasma
bonded onto a glass slide using a Femnto plasma cleaner (Di-
ener Electronic). A syringe pump (Harvard apparatus) was
used to pump the precursor solution into the device through
the inserted polyethylene tubing (Intramedic). The PDMS-
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glass microfluidic device has a channel height of ∼75 µm and
total channel width of 1.26 mm containing hexagonal arrays of
microposts with diameter of 100 µm and spacing of 15 µm.

2.3 Microheater Device Fabrication

Gold etched microheaters were fabricated to study the local-
ized temperature behavior of the FISP and the precursor. We
used gold liftoff procedure to pattern the microheaters onto
glass cover slides (GCS). First, a layer of chrome (∼15 nm)
was deposited onto a GCS by using chemical vapor deposi-
tion process (CVD). Next, a second layer of gold (∼200 nm)
was deposited on the GCS with the chrome layer by using
CVD process. Finally, the photoresist (AZ–1512) was spun
onto the gold-chrome-GCS at 3000 RPM, a nominal thickness
of ∼1.2 µm was obtained. The AZ–1512 photoresist coated
gold-chrome-GCS was then exposed with the microheater de-
sign and subsequently developed. The remaining AZ–1512
photoresist and the metal on top of the GCS, were removed
by using chrome etching and gold etching processes and an
acetone bath. Fig. 2A shows the final gold etched microheater
patterned onto the GCS. After the microheaters were fabri-
cated, we bonded them onto the PDMS microchannel contain-
ing the hexagonal microposts array. Fig. 2B illustrates the mi-
croheater location with respect to the micropost array, show-
ing FISP fingers formed at room temperature. DC voltage and
current was applied to vary the resistance of the microheater
as a mean to vary the temperature. The microheater and a
thermocouple were connected to a power source and computer
with a LabView program to control the temperature. The ex-
perimental error of the microheater was ∼1.5±0.3 ◦C based
on the calibration.

2.4 Bulk Shear Rheometry

The viscoelastic properties of the precursor solution were
characterized by using a stress controlled rheometer (AR2000,
TA Instruments). All measurements were performed by using
an aluminum cone and plate geometry (60 mm diameter and
angle 1◦) with a truncation gap of 59 µm. The temperature
was maintained at 25 ◦C and a solvent trap was used to pre-
vent evaporation.

2.5 Microrheology

Due to small volumes of the FISP produced in the microdevice
(∼100 µL), rheological properties of the FISP were measured
by two point passive microrheology32. Two point passive
microrheology (2PPM) relates the thermal motion of tracer
particles embedded in a sample to approximate its rheolog-
ical properties. 2PPM does not depend on the shape and
size of the tracer particle. Most importantly, it is indepen-
dent of the coupling between the medium and tracer parti-
cles. 2PPM correlates the strain field of one tracer particle
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Fig. 2 (A) Gold etched microheater used to study the temperature
response of the FISP. (B) Microheater (GCS) bonded onto the
PDMS substrate containing the hexagonal microposts array. (B)
Finger like FISP formed at room temperature.

to a second tracer particle32. Hence 2PPM is a good approxi-
mation to measure rheological properties of highly inhomo-
geneous materials32–34. From the TEM and SEM images,
FISP exhibited highly inhomogeneous microstructures with
large range of pore size. Employing 2PPM provides a good
estimate to the FISP’s rheology. To facilitate these measure-
ments, the precursor solution was seeded with 1 µm diameter
polystyrene tracer particles, with ∼0.3 wt% in the total solu-
tion. The experiments were conducted on an inverted Leica
microscope at 23± 1.5◦C. In addition, the heat generated by
the microscope lamp slightly increases the temperature in the
microchannel. Hence, the local temperature in the mcirochan-
nel during the microrheology experiments is ∼25 ◦C. After a
sufficient amount of FISP was produced in the microchannel,
we waited for∼2 hours before conducting the 2PPM measure-
ments. An area of the FISP containing more than 200 tracer
particles per video was imaged at a magnification of 150× (PL
Fluotar 100× 1.30 oil objective with a 1.5× tube lens), and
videos consisting of 2048 frames were taken at 60 fps with
a high-speed camera (Photron FASTCAM). To avoid wall ef-
fects, the focal plane was set at ∼30 µm from the bottom and
top parts of the microchannel. A total of 25 videos were an-
alyzed to approximate the averaged rheological properties of
the FISP.

From the cross-correlated thermal motion of particle pairs,
we determined the complex modulus G∗(ω) of both precur-
sor and FISP32–34. The complex modulus comes from the
Stokes–Einstein relation, which shows that the shear stress

1–14 | 3

Page 3 of 15 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



relaxation in the locality of the particle is identical to that
of the bulk fluid subjected to a shear strain35. The complex
modulus is defined as G∗(ω) = G′(ω)+ iG′′(ω), where ω is
the frequency, G′(ω) is the elastic modulus, and G′′(ω) is
the viscous modulus. We used multiparticle tracking video-
microscopy to measure the two-dimensional mean-square dis-
placement (MSD = 〈∆r2(t)〉) of the embedded microbeads in
the FISP36. We then calculated the pairwise cross-correlated
bead displacements as a function of separation distance r and
lag time τ , and the component in the direction of bead separa-
tion, Drr(r,τ) was used to extract G∗(ω)32–35. The correlated
motion (in Laplace space) of two tracer particles can be de-
fined as32:

D̃rr(r,s) =
kBT

2πrsG̃(s)
, (1)

where the MSD is related to Drr through

〈)r2(τ)〉D = 2
r

a
Drr(r,τ), (2)

and the complex modulus (G∗(ω)) can be obtained by Fourier
transform G̃(s) such as35,37:

G̃(s) = |G∗(ω)|≈
kBT

πa〈)r2( 1
ω )〉Γ(1+α(ω))

, (3)

where kB is the Boltzmann constant, T is the absolute tem-
perature, a is the radius of the tracer particle, Γ is the gamma
function, and

α(ω) =
d(ln()r2(ω−1)

d(ln(ω−1))
(4)

is the logarithmic slope of the MSD. From the complex
modulus the viscoelastic response (G′(ω) and G′′(ω)) of
the FISP can be approximated. Since 2PPM approximates
〈)r2(τ)〉 locally by a second order polynomial in the loga-
rithmic scale to extract G∗(ω)32, it neither requires the exper-
imental data to be fit to an analytical model, nor does it suffer
from truncation errors of numerical integrations.

2.6 Neutron Scattering Measurements

SANS and ultra small angle neutron scattering (USANS) mea-
surements were performed on the same samples at the Na-
tional Institute of Standards and Technology (NIST) Center
for Neutron Research (NCNR) in Gaithersburg, Maryland.
SANS was performed using a standard configuration to cover
a wide range of wave vector values. USANS measurements
were performed by using a perfect crystal diffractometer BT5
at the NCNR38. USANS increases the scattering range, so
that sub-micron and micron sized features of the FISP could
also be probed. The samples were tested at four tempera-
tures: 25 ◦C, 30 ◦C, 45 ◦C, and 60 ◦C. Analysis and model

fitting was performed using the DANSE SansView software39.
Note that only smeared data was fitted, and the models were
modified to account for the line-collimation of the system us-
ing the tools available in the software package. The precur-
sor was prepared by volume in deuterated water containing
99.9% D2O (Cambridge Isotope Laboratories, Andover, MA).
Since the conversion rate from the precursor to the FISP scaf-
fold is not 100% from the microfluidic process, we collected
the sample from the microchannel containing the FISP scaf-
fold and liquid precursor residues. We then added 15 mL of
D2O and centrifuged the diluted solution at 1500 RPM for
30 minutes. We left the centrifuged solution without agita-
tion for 5 hours before experiments. A supernatant thin layer
containing the concentrated FISP structure was formed in the
stored solution at room temperature (see support information).
We then loaded ∼100 µL of the FISP suspended in D2O
in a demountable, 2 mm titanium cell with quartz windows
(NIST). The demountable cell was filled with the dispersion
and capped with a screw. The cell was gently shaken to ob-
tain homogenous dispersion before samples were exposed to
the neutron beam in the SANS instrument. Subsequently the
samples were again agitated before in the cell before the US-
ANS measurement. The scattering contrast was determined
from the scattering length density (SLD) of the deuterated sol-
vent (6.39×10−6 Å−2) and the precursor (–1.54×10−7 Å−2)
by using SANSview tool bar39.

2.7 Electron Microscopy

After a sufficient amount of FISP was formed for SEM and
TEM studies, the microchannel was rinsed with DI water to
remove any residue precursor that did not convert to FISP. We
then waited for 3 hours before preparing the TEM and SEM
samples. TEM grids (Cu-100 mesh; Electron Microscopy Sci-
ences) were placed on a freshly opened holder covered with
the FISP. After 30 s, a 5 µL drop of NanoW negative stain
(Nanoprobes, Inc) was applied on the material to enhance
imaging contrast. After another 30 s, the residual liquid was
blotted off with filter paper and left to air-dry. The same sam-
ple preparation procedure was adopted for SEM.

TEM samples were imaged by the Tecnai G2 F20 transmis-
sion electron microscope (FEI Co., Hillsboro, OR) at 200 kV
and equipped with a field emission gun. Images were recorded
under low dose conditions at a magnification of 50,000 and a
pixel spacing of 2.2 Å on a 4k CCD camera (4k Eagle Cam-
era, FEI). SEM samples were imaged with a FEI helios scan-
ning electron microscope at 3–5 kV. After we imaged the FISP
structure in the TEM, we used the same grids for SEM imag-
ing. We performed Au-sputter on the TEM grids containing
the FISP structure. The sputtering lasted for 30 seconds on
a SPI Module Sputter/Carbon Coater. After the grids coated
with FISP structures were sputtered, we loaded the grids in the
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Fig. 3 (A) SEM image of the hexagonal micropost array to produce FISP. (B&C) Flow birefringence of the precursor. Bright bands indicate
the existence of anisotropic micellar structures. (D) Snapshot of the FISP formation showing FISP–like fingers under bright-field microscopy.
The inset shows the formation of long FISP filaments, illustrating viscoelastic nature of the FISP. Left arrows represent the flow direction.
While the middle arrow represent the area where FISP was formed. (E) The interior of FISP does not exhibit birefringence, the small-white
arrows highlight flow birefringence at the precursor-FISP interface. (F) Precursor-FISP interface exhibits birefringence response. The
experiments were performed at ∼25 ◦C.

scanning electron microscope for imaging.

3 Results and Discussions

3.1 Formation of FISP

By using similar devices reported by Cardiel et al.23, we sug-
gested that the same mechanism to form NaSal based FISP
can be used to form SHNC based FISP. The high stretching
in the micropost array (O(104 s−1)), entropic fluctuations and
flow alignment enables SHNC ions to penetrate to the core
of wormlike micelles at high frequency, increase flexibility of
wormlike micelles, therefore reduce the curvature of the cylin-
drical part of the micelle24–26,40,41. As a result, the free en-
ergy of surfactant molecules in the end-cap relative to the cur-
vature energy in the cylindrical body of the micelle becomes
larger, the energy required to interconnect wormlike micelles
will decrease5,42–44. Thus it becomes energetically favorable
for flexible adjacent micelles to merge when they flow through
the confined microposts, promoting the formation of FISP (see
Fig. 3)26,42,45,46. Fig. 3C exhibits the formation of FISP-like
fingers; the inset in Fig. 3C qualitatively gives a sense of the
high viscoelastic properties of the FISP, showing long sheet-
like filaments (∼420 µm of length, ∼75 µm of height and
∼5 µm in width) before rupture, indicating the high stretcha-

bility of the FISP structure.
An estimate of the strain rate and total strain was obtained

by considering the rate of strain experienced by a fluid element
as it enters the micropost array47. The empty channel velocity
is φÛavg, and as the fluid element enters the array its velocity

must increase to φÛavg(D̂+ d̂)/d̂ over a distance of roughly

D̂, where d̂ is the spacing between the microposts. Thus the
extensional strain resulting from this acceleration is

ˆ̇γext ≈
1

D̂

(

φÛavg
D̂+ d̂

d̂
−φÛavg

)

=
φÛavg

d̂
=

Q̂

d̂Ŵ Ĥ
. (5)

If we approximate the flow through the gaps between the
microposts as a 2D Poiseuille flow, the maximum velocity be-
tween two posts is 3φÛavg(D̂+ d̂)/(2d̂). Thus an estimate of
the strain due to shear is

ˆ̇γsh ≈
3φÛavg

2d̂

D̂+ d̂

d̂
=

3Q̂

2d̂Ŵ Ĥ

D̂+ d̂

d̂
, (6)

adding the above two expressions we have

ˆ̇γtotal ≈
Q̂

d̂Ŵ Ĥ

(

5

2
+

3D̂

2d̂

)

. (7)

For a hexagonal array with posts of diameter 100 µm and a
spacing of 15 µm, φ = 0.31 (see Fig. 3A). Then for a flow rate
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of 15mL/h and the channel dimensions given in the materials
and methods section, equation (7) gives ˆ̇γtotal ≈ 3.7× 104 s−1.
The average velocity can be calculated as Ûavg ≈ 0.21 m/s,
while the average residence time of a fluid element is L̂/Ûavg ≈
0.057 s. Hence the total strain was estimated as γ̂ ≈ 2100.

There have been reports that SHNC based wormlike mi-
celles exhibit flow birefringence at high salt concentrations
(>80 mM)19,20,48. Frounfelker et al.48 reported persistent
birefringence in samples containing 40 mM EHAC and 80–
240 mM of sodium hydroxynaphthoate (NaHN)). They at-
tributed this persistent birefringence to the π − π interac-
tions present in the HNC aromatic salt. Further, Mishra et

al.19,20 studied an aqueous mixture of the cationic surfactant
[CTAB]=60 mM and [SHNC]=100 mM and observed that a
mild tilt or tap could induce pronounced birefringence last-
ing for milliseconds. We observed that the precursor showed
flow birefringence before and after passing through the micro-
post array, indicating the formation of anisotropic structures,
also known as shear induced structures (SIS)19,20,29,48,49 (see
Fig. 3 (B&C)). When an isotropic entangled micellar network
is sheared, segments of the wormlike micelles can disentangle
and align with the flow direction to exhibit birefringence29,48.
We used an EXICORR MICROIMAGERTM (Hinds Instru-
ments, Inc.) which allowed us to observe the orientation of
micelles when they passed through the micropost arrays. Fig-
ures 4 (A&B) show the birefringence behavior of the precursor
before (A) and after passing (B) the micropost array. The blue
color of these images is due to the background (PDMS-glass)
subtraction by using a LED light source with a wavelength
of 530 nm. The bright bands indicate the flow-alignment of
the micelles, where in this case wormlike micelles are being
aligned almost parallel to x−axis based on our frame of refer-
ence (red x− y coordinates). Figure 4 (C) presents a snap shot
of FISP-like fingers flowing downstream in the microchannel
under standard illumination. Figure 4 (D) exhibits the bire-
fringence behavior of the FISP-like fingers under flow. The
interface of the precursor-FISP shows birefringence response
(bright areas), suggesting that at the interface the FISP struc-
ture is being aligned in the flow direction. However, the inte-
rior of the FISP-like fingers do not exhibit birefringence due
to heterogenous structure of the FISP.

3.2 Rheology of the precursor and FISP

Fig. 5 shows the shear viscosity of the precursor as a func-
tion of the shear rate. The precursor solution showed a
shear thinning response once a critical shear rate was reached
(γ̇c ∼ 0.85 s−1). The inset in Fig. 5 suggests the presence of
shear banding in the precursor, based on the shear stress versus
shear rate curve (highlighted flat region in the curve τ vs γ̇).
Shear banding behavior has been related to the presence of
aligned wormlike micellar structures with flow birefringence

Pr
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Precursor-FISP
interface

(A) (B)

(C) (D)

100 µm 100 µm

100 µm 100 µm
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y

Fig. 4 (A&B) Flow birefringence of the precursor before and after
passing the micropost array. The bright bands show the flow
alignment of the micelles along the direction of the flow (x−axis).
(C) FISP-like fingers flowing downstream in the microchannel. (D)
Birefringence response at the FISP-precursor interface. The
experiments were performed at 25 ◦C.

response29,49. Small amplitude oscillatory shear measure-
ments were conducted in the linear viscoelastic regime. The
viscoelasticity behavior in the precursor can be correlated with
single-mode Maxwellian relationship. This stress relaxation
time λeff can be extracted from the first cross-over between the
viscous modulus (G′′) and the elastic modulus (G′). When the
kinetic process of micellar breaking and reforming dominates,
the fluid shows the Maxwellian behavior with a single expo-
nential decay in the stress function with a single relaxation
time50,51. However, when the micellar breakup time is long
compared with reptation time, dynamic properties of these
micellar solutions are dominated by reptation processes51,52.
In the reptation process, stress relaxation is induced by the
gradual disentanglements of micellar chains along the curvi-
linear tube environment, resulting in a deviation from single
Maxwell mode. The range of frequencies was varied from
0.01 to 100 Hz. Fig. 6 shows good agreement between the
bulk rheometry and the 2PPM of precursor within the ω limit
from the bulk rheometry (blue symbols and black solid curve).

2PPM was performed due to the highly inhomogeneous
structure of the FISP (see Fig. 12). We determined the cor-
related displacements of particles separated by a distance,
5 µm < r < 100 µm. Fig. 6 also shows the frequency de-
pendent behavior (G′(ω) and G′′(ω)) of the FISP approxi-
mated by two point microrheology. Importantly, 2PPM does
not require the experimental data to be fit to analytical mod-
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Fig. 5 Shear viscosity versus shear rate for precursor solution
exhibiting shear thinning behavior above a critical shear rate (
γ̇ ∼ 0.855 s−1). The inset shows the non-monotonic behavior of the
stress versus shear rate, suggesting the presence of shear banding
(shaded blue area). The measurements were conducted at 25 ◦C.

els due to the power law approximation of the mean-square
displacement32,35. From the crossover between G′(ω) and
G′′(ω) we approximated the value of the relaxation time (λeff)
of both precursor and FISP. The plateau elastic modulus G0 is
the value at which G′ showed a constant plateau at high fre-
quencies, and the zero shear viscosity (η0 was either measured
from the bulk rheometry for the precursor, or calculated based
on η0=G0λeff for the FISP53). G0 of the precursor was ob-
tained by relating the λeff from microrheology or bulk rheom-
etry and the η0 from bulk rheometry, yielding G0=η0/λeff,

53.
Table 1 summarizes the rheological properties of both precur-
sor and FISP. The zero shear viscosity η0 and the elastic mod-
ulus G0 of the FISP are one order of magnitude larger than
those of the original precursor. Interestingly, the relaxation
time λeff of the precursor and FISP was not strongly affected,
maintaining the same order of magnitude after the structural
transition from precursor to FISP.

Table 1 The longest relaxation time λeff, plateau modulus G0, and
the zero-shear viscosity η0 for the precursor and FISP

Materials η0 (Pa· s) λeff (s) G0 (Pa)

precursor 0.41±0.02 0.11±0.01 3.6±0.18

FISP 4.6±0.26 0.42±0.08 11±3.3

Note that microrheology techniques could underestimate
the rheological properties of viscoelastic fluids due to dynamic
and static errors during the particle tracking54, compressibility
effects55, and most importantly, the value of maximum sepa-
ration distance (r) within the tracer particles to obtain their
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Fig. 6 Viscoelastic response of the precursor and FISP. The bulk
rheometry (black solid line) and the two point microrheometry (blue
circles) exhibit similar linear viscoelastic response. Red circles
show the viscoleastic behavior of the FISP obtained by two point
microrheometry. The inset shows the r dependence of rDrr for
ω∼11.11 Hz. The measurements were performed at ∼23±1.5 ◦C.

cross-correlation motions56. For instance, Fu et al.55 reported
that microrheology techniques could under-estimate the elas-
tic modulus in polymer networks. They studied the effects of
slip condition and compression effects on the tracer particle
used in the microrheology. When slip conditions and com-
pression effects are present at the same time, the elastic mod-
ulus in the polymer networks can decrease ∼43% from the
true value. Further, they observed that at low frequencies (< 1
rad/s), the discrepancy between the bulk rheology and mi-
crorheology could be caused by the sliding and compression
effects. In 2PPM the motion of the tracer particles induces the
propagation of waves which are generated at the particle–fluid
interface, which can reflect back and forth within the tracer
particles32,56. Hence, the cross-correlations of two tracer par-
ticles is dependent on the nature of these waves. Levine and
Lubensky57 showed that the cross-correlation function pro-
posed by Crocker et al.32 was valid when the distance (r) be-
tween two tracer particles was larger than the radius of the
particle. If the separation distance between two particles is
large enough, the reflected waves decay significantly before
reaching other tracer particles. However, if the separation dis-
tance is sufficiently short, reflected waves would have impor-
tant contributions on the motion of particle tracers56. Hence,
the viscoelastic response of the material is affected by the
separation distance of the tracer particles. All these factors
(video-tracking of tracer particles, compressibility effects and
the correct definition of separation distance within tracer parti-
cles) can affect the microrheology measurements of the FISP.
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Nevertheless, this study provides a reasonable estimate of the
rheological properties of the FISP.

3.3 Neutron Scattering of the Precursor and FISP

We first performed SANS and USANS in both precursor and
FISP at room temperature 25 ◦C. We observed a clear struc-
tural transition from the precursor to the FISP (see Fig. 7). At
high-q we fitted both precursor and FISP spectra to a flexible
cylinder model39. The fitting of the FISP provided a cylin-
der radius and length of ∼2.3 nm and ∼24 nm respectively.
Whereas the fitting of the precursor gave a cylinder radius and
length of ∼2.3 nm and ∼22 nm respectively. At high-q the
cross sectional area of the wormlike micelles of both FISP
and precursor remains constant. However, the length of the
micelles in FISP is larger than that of the precursor, indicating
that wormlike micelles grow slightly after passing through the
micropost array.

At low-q, the SANS spectra of the FISP (red squares in
Fig. 7) differs significantly from that of the precursor (blue
circles in Fig. 7), exhibiting a gel-like scattering pattern with
large domains58. At q < 0.03 Å−1 the spectrum of the precur-
sor showed a plateau, indicating the absence of larger struc-
tures in the precursor. Meanwhile the spectrum of the FISP
begins to increase with decreasing q, implying the presence
of larger structures. We fitted the low-q spectra of the FISP
to a fractal model based on the Teixeira model to evaluate the
network scale structure of the FISP39,58, which is primarily
reflected in the USANS spectra (q < 10−3Å−1). From the fit-
ting, we obtained a fractal dimension (D f ) of 2.95±0.05 and
correlation length (Cl) of ∼500±136 nm. The value of D f is
representative of gel-like networks with characteristic size (Cl)
on the order of several nanometers39. Our TEM images (see
inset in Fig. 7 and Fig. 12) display the formation of the size of
micellar networks of ∼ 200–700 nm. However the SANS data
is not adequate to prove unequivocally that the FISP is com-
posed by wormlike micellar bundle networks because of the
lack of a structure factor suitable to describe the FISP. There-
fore it is critical to combine complementary structural inter-
rogation techniques (SEM, TEM, microrheology, and SANS)
presented in this work to deduce that the FISP is formed by
highly entangled and multi-connected micellar networks.

Next we investigated the temperature effects on the struc-
ture of both the precursor and FISP by varying temperatures at
25 ◦C, 30 ◦C, 45 ◦C, and 60 ◦C. We fit the precursor spectra by
using a flexible cylinder model to obtain the Kuhn length (lk),
contour length (L), and radius of the micelle39,59. The persis-
tence length (lp) can be related through lk = 2lp

1,59. Based
on the fitting parameters, the precursor structure consists of
semi-flexible cylindrical micelles with a radius of ∼2.3 nm
that is independent of the temperature range of this study.
The contour length L of the cylinder decreased monotoni-
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Fig. 7 Combined SANS and desmeared USANS spectra of the FISP
(red squares), compared with the precursor SANS scattering (blue
circles). The low-q spectrum was fitted to a fractal model (solid
black line). The fit yields a fractal dimension of D f =2.95±0.05 and
correlation length Cl=500±136 nm. D f suggests the formation of
network structure. The inset is a TEM image of the FISP showing
network-like structures. The high-q spectra of both FISP and
precursor were fitted to a flexible cylinder model (black solid line).
The fit of the FISP shows a cylinder diameter of ∼2.3 nm with
length of ∼25 nm. Whereas, the fit of the precursor shows a cylinder
diameter of ∼2.3 nm with length of ∼22 nm.

cally as the temperature increased, with L ∼22 nm at 25 ◦C,
L ∼21 nm at 30 ◦C, L ∼20 nm at 45 ◦C, and L ∼16 nm at
60 ◦C (see Fig. 8). However, the persistence length lp ∼4.5 nm
remained fairly constant for all the temperatures studied, sug-
gesting that the flexibility of the micelles does not change by
increasing temperatures (see Fig. 8). Hence we can approxi-
mate the flexural rigidity κ of the micelles using relationship
lp = κ/kBT , yielding κ=4.5 kBT ·nm39,59. Kalur et al.21 re-
ported the SANS spectra of EHAC/SHNC (high concentra-
tion of [SHNC] = 360 mM) wormlike micellar solutions as the
temperature increased from 25 ◦C to 65 ◦C. They found that
the cross-sectional radius of the micelles remained constant
(∼2.6 nm) with the temperature variation. However, struc-
tural transition from spherical micelles (∼2.6 nm in radius) to
cylindrical micelles (∼2.6 nm in radius and length∼60 nm)
was observed with increasing temperatures. Although the mi-
cellar structural transition reported by Kalur et al. shows the
opposite trend as that reported in this work, the micellar di-
mensions of the precursor are on the same order of magnitude
as those presented by Kalur et al.21. The inset in Fig. 8A
plots the zero shear viscosity of the precursor with respect to
different temperatures. The zero shear viscosity η0 of the pre-
cursor decreases as the temperature increases, correlated with
the shortening of the contour length L (from ∼25 nm at 25 ◦C
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Fig. 8 (A) SANS spectra of the precursor at different temperatures. A flexible cylinder model was used to fit the spectra of the precursor. The
inset in (A) presents the zero shear viscosity of the precursor at different temperatures. (B) Variation of the contour length (L) and persistence
length (lp) of the cylindrical micelles at increasing temperatures. The inset in (B) shows an Arrhenius plot of the zero-shear viscosity η0

against 1/T . The slope of the dash line yields the activation energy (Ea ∼36 kBT ) of the precursor.

to ∼16 nm at 60 ◦C) in the precursor solution.

We also measured the plateau modulus G0 of the 45 mM
SHNC/CTAB precursor solution at temperatures 25 ◦C, 30 ◦C,
45 ◦C, and 60 ◦C under small-amplitude oscillatory shear
(see supporting information). For temperatures from 25 ◦C–
45 ◦C, the plateau modulus of the precursor solution remains
a constant (G0∼3.6 Pa), while the precursor solution exhibits
Newtonian-alike behavior at 60 ◦C. Similarly, Raghavan et al.

observed that G0 of cationic surfactants with long (C22) mono-
unsaturated tails was independent of temperature variations at
frequencies larger than 100 Hz60. Based on the above infor-
mation, we fit the measured zero shear viscosity of 45 mM
SHNC/CTAB precursor solution with the Arrhenius relation-
ship (η0 = AG0eEa/RT ) to approximate the flow activation en-
ergy (Ea) of the precursor solution with temperatures ranging
from 25 ◦C to 45 ◦C, while fixing the value of G0∼ 3.6 Pa.
The inset in Figure 8 (B) shows the Arrhenius plot (η0 against
1/T ) of the precursor solution, where the slope of the dash line
yields the value of Ea ∼36 kBT 60–64. This value of Ea falls in
the range of values found for other CTA based micellar solu-
tions (Ea ∼20-80 kBT )60–62.

Fig. 9 presents the high-q SANS spectra of the FISP at
higher temperatures. We observed a monotonic decrease in
the SANS spectra of the FISP by increasing temperature at
q > 10−2Å−1, implying the structural transition in the FISP
at the sub-nanometer scale. In particular, a drastic structural
transition from 45 ◦C to 60 ◦C was observed in the FISP spec-
tra at q > 10−2Å−1. The FISP’s spectra can be fit to a cylinder
model for the temperatures 25 ◦C, 30 ◦C, and 45 ◦C, while the
FISP’s spectra at 60 ◦C can be fit to a spherical model with
a radius of ∼3 nm. From the cylindrical fitting, the radius of
the cylinder remained constant (∼2.4 nm) for all three tem-

peratures (25 ◦C, 30 ◦C, 45 ◦C) examined, while the length
of the cylinder (L) becomes shorter with increasing tempera-
tures, with ∼25 nm at 25 ◦C, ∼19 nm at 30 ◦C, and ∼17 nm
at 45 ◦C.
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Fig. 9 SANS spectra of the FISP at different temperatures. At low-q
the structure of the FISP is not affected with increasing
temperatures. At low-q we used a power law fitting for the FISP
structure and found an index power of ∼3.5±0.05. At high-q and
for the temperatures of 25 ◦C, 30 ◦C and 45 ◦C, we fitted the FISP’s
spectra to a flexible cylinder model. The length (L) of the wormlike
micelles become shorter by increasing temperatures: L=25 nm
(25 ◦C), L=22 nm (30 ◦C), and L=20 nm (45 ◦C). The radius
remained constant at ∼2.4 nm for the three temperatures. At 60 ◦C
and high-q, the best fit was obtained by using a sphere model. The
radius obtained from the fit was ∼3.0 nm.

Regarding the fitting model, we attempted to fit the spec-
tra of the FISP at 60 ◦C by using both an ellipsoid model and
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elliptic-cylinder model. However, the sphere model gave the
best least squared error in the fit. The increase of the FISP’s
spectra at low-q suggests the potential presence of large struc-
tures in the FISP. At q < 10−2Å−1, the FISP’s spectra ex-
hibited the same trend for all the temperatures studied, im-
plying that the large structure of the FISP remains intact with
increasing temperatures. We fitted the spectra at low-q for
all the temperatures studied to a power law model and found
a power index of ∼3.5±0.05. The slope indicates the ho-
mogeneity of the body-media interface (i.e., FISP-deuterium
interface). We speculate that the high entanglement density
(ν = G0

kBT ≈ 27.5± 1.5× 1021 m−3)53 of the FISP is critical
to maintain the FISP’s structure at high temperatures. The
naphthalene structure in the SHNC can induce higher aromatic
interactions (π − π and cation–π) within micelles, hence in-
creasing attractive potential in wormlike micelles48,65,66. Fur-
ther, Hassan et al.14,67 reported that strong hydrophobicity
(e.g., SHNC) induces high stability of micelles at high tem-
peratures. Such noncovalent interactions in the FISP can be
sufficient to counteract the tendency of wormlike micelles to
dissociate at high temperatures, preserving the FISP structure.

3.4 Localized temperature behavior of the FISP

Gold etched microheaters were fabricated to study the local
behavior of the FISP at different temperatures (see Fig. 2).
First, we formed the FISP at room temperature with the mi-
cropost device. Once sufficient amount of FISP was gener-
ated and collected to the area of the microheater, we rinsed the
microchannel with DI-water to remove the left over precursor
before increasing the temperature from 25 ◦C to 60 ◦C (see
Fig. 2B). We recorded videos of the FISP at higher tempera-
tures by using a magnification of 100×/1.30 oil objective with
a 1.5× tube lens.

Qualitatively, we did not observe any disintegration in the
FISP structure from 25 ◦C to ∼45 ◦C. However, when the tem-
perature was increased to 47±1.5 ◦C, droplets emerged inside
the FISP structure (see Fig. 10 and Fig. 11 and video in the
supporting information). We suspect that the weakest bonds
in both wormlike micelles and the micellar bundle network of
the FISP start to disintegrate at ∼47±1.5 ◦C, inducing droplet
formation. The rupture of the weakest bonds in the FISP struc-
ture first led to the increase of the pore size in FISP, which al-
lowed some DI-water to penetrate the FISP structure, yielding
the formation of droplets. We infer that the droplets are com-
posed by a mixture of precursor and water (see Fig. 3D 10).
Fig. 11 shows snapshots of the structural evolution of the FISP
at ∼47±1.5 ◦C. The white stars in Fig. 11 highlight some pre-
cursor droplets formed in the FISP structure. We observed
the formation-disintegration of precursor-water droplets inside
the FISP structure in a cyclic fashion for long periods of time
(> 10 hours). Further, the cyclic formation-disintegration of

FISP's structure 
at 25  C

FISP's structure 
at 47  1.5  C

Temperature

+

Not to
scale

spherical
&

wormlike 

_

FISP

Fig. 10 Schematics representation of the FISP’s structure by
increasing temperature. At room temperature the FISP exhibits
highly entangled and multi-connected micellar network. At
temperatures above ∼47±1.5 ◦C, the weakest micellar bonds in the
FISP begin to disintegrate, enhancing the formation of droplets
containing the mixture of precursor and water (yellow region in the
schematics). Further, the increase of temperature also induces the
formation of larger pores in the FISP structure, as well as the
breaking and shortening of micellar bundles and wormlike micelles.

precursor-water droplets inside the FISP was also observed at
∼60 ◦C without showing complete disintegration of the FISP
(see complied video in the supporting information), which
is consistent with the SANS data. At q <5× 10−3Å−1, the
FISP’s spectra showed no disintegration of FISP at high tem-
peratures. The formation of precursor-water droplets observed
in the microheater might be related to the structural transition
observed from the SANS spectra of the FISP at high tempera-
ture in the high-q regime.

3.5 Microstructure of the FISP

Based on SEM and TEM images (see Fig. 12), the thickness
and length of micellar bundles range between ∼10–300 nm
and ∼80-400 nm respectively, indicating that a single micel-
lar bundle consists of several individual wormlike micelles.
Based on the TEM images, the diameter of the wormlike mi-
celles in the FISP has a value of ∼4±0.9 nm, consistent with
that from the SANS measurements (∼4.8 nm). The existence
of ionic micellar bundles was possibly related to the electro-
static interactions from the counter-ions present in the ionic
surfactant solution68,69. Barentin and Liu69 proposed that
electrostatic attractions could lead to the formation of micellar
bundles from an ionic surfactant solution. They showed that
the energy required to form micellar bundles was linearly de-
pendent on the thickness of the bundle and that the micellar
bundles might be a metastable phase in the micellar solution.

We observed two distinct structural domains in the FISP
structure. Fig. 12 (top row) exhibits highly entangled and mul-
ticonnected micellar bundles, similar to the structure observed
by Cardiel et al.23 for NaSal/CTAB based FISP. However, we
noticed a more ordered structure with well defined circular
pores in the SHNC/CTAB based FISP (see Fig. 12 bottom
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~ 6 minutes ~ 30 minutes ~ 60 minutes ~ 120 minutes ~ 1200 minutes

Time

Fig. 11 Inside of the FISP structure the formation of precursor droplets begins to occur at ∼47±1.5 ◦C. The most notorious precursor droplets
are formed after ∼6 minutes. A cycle of formation and breaking up of precursor-water droplets is observed for long periods of time. No
complete disintegration of the FISP was observed even after ∼1200 minutes. See more details in the supporting information movie. Scale bar
is 20µm.

Fig. 12 (A&B) SEM images of the FISP showing highly entangled micellar bundle-like structures. (C) TEM image of one of the bundles
observed in (B). The bundle is formed by individual wormlike micelles with diameter ∼5 nm. (D) SEM image of the FISP exhibiting
mesh-like micellar structures with pore wide range of pore size (∼50–800 nm). (E&F) TEM images of one of the regions observed in (D),
(E&F) presents the formation of bundle-like micellar loops. The diameter of the loops ranges on 10–50 nm with a bundle-like diameter of
∼20 nm.

row). Fig. 12 (D) is an SEM image showing a region with
the well ordered FISP structure. Fig. 12(E&F) are TEM im-
ages showing well defined circular pores (micellar loops) in
the FISP. The micellar loops range from 10 nm to 50 nm in
diameter.

We approximated the loop size of the FISP by using
the mesh size concept (ξ ) in wormlike micellar structures.
Shikata et al.45,70,71 proposed that the elasticity of an aque-
ous CTAB based wormlike micellar solution was originated
from the excessive entropy caused by the orientation of some
micellar chains between entangled points. This mechanism
is similar to those observed in the concentrated rubber sys-
tems53. Assuming a Gaussian distribution of the wormlike
micelles, rubber elasticity relates the elastic modulus and the
thermal energy to the hydrodynamic correlation length (or the
network mesh size ξ ) as follows:

ξ 3 =
kBT

G0
. (8)

G0 can be obtained from the microrheology data of the
FISP. The estimated mesh size from equation 8 (ξ≈70 nm)
and the mesh size obtained from TEM images (ξ ∗≈ 10-50 nm)
has the same order of magnitude, despite the error introduced
from the TEM sample preparation, artifacts and system errors.

Horbaschek et al.15 and Abdel-Rahem et al.6 studied mi-
crostructures for equal molar 100 mM CTAB and SHNC
system. They observed densely packed vesicles and multi-
lamellar vesicles of 100 – 800 nm in diameter and 60 nm in
thickness under FF-TEM electron micrographs, where some
of the vesicles showing diameter of ∼ 20µm. They proposed
that since SHNC behaved similar to anionic surfactant but
with a shorter tail, the SHNC/CTAB mixture at equal molar
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Fig. 13 (A) Chemical structure of SHNC and TEM image of the FISPSHNC. (B) Chemical structure of NaSal and TEM image of the
FISPNaSal.

concentration was able to form bilayers and vesicles72. In
addition, the excess salt ions (Na+ from SHNC) shield the
charge of the bilayers and screen the charges between vesi-
cles. As a result, smaller vesicles collapse and form thick
precipitates with larger dimensions. We are not necessarily
claiming the vesicle formation in the FISP, but similar argu-
ment can apply: under flow, the closely packed microposts in-
duce concentration fluctuations in the precursor, where HNC−

penetrated CTAB micelles and π–π and cation–π interactions
come to play between adjacent micelles. As a result, forma-
tion of circular porous bilayer structures can be induced. Due
to the screening effects of the free salt ions charged between
bilayers, smaller pores collapse with each other and lead to a
wide size distributions.

3.6 Comparison between SHNC/CTAB based FISP and

NaSal/CTAB based FISP

Recently we have reported the formation of FISP by using
the organic salt NaSal23. In this section, we briefly compare
the structure of the FISP made of NaSal/CTAB (FISPNaSal)
and the FISP made of SHNC/CTAB (FISPSHNC). With very
similar CTAB concentrations (50 mM in NaSal/CTAB sys-
tem23 and 45 mM in CTAB/SHNC system) and the same
salt/surfactant ratio (R = 0.32), we were able to produce flow
induced structure phases (FISPNaSal and FISPSHNC) from both
precursor solutions (NaSal/CTAB and SHNC/CTAB) by us-
ing microfluidics. Compared with NaSal, SHNC is a much
stronger hydrotropic salt with double beneze rings (see Fig-
ure 13), in which case, the surface activity of CTAB micelles
is greatly reduced from decreased spontaneous curvature of
micelles.

Figure 13 shows the chemical structure and its correspond-
ing TEM image for both FISPSHNC and FISPNaSal structures.

Broadly speaking, both FISPs exhibit similar micellar bundle-
like networks with mesh size ranging from 20 nm to a few
microns (see Figure 13). TEM imaging procedure can in-
duce sample preparation artifacts (e.g., drying effects), which
can potentially alter the true structure of the sample. Hence,
we compared the combined USANS-SANS scattering of both
FISPs for the hydrated structures of the FISPs (see Figure 14).
We fit the spectra of both FISPs to a fractal model (low-q
range) and flexible cylinder model (high-q range)39,58. From
the fractal model we obtained similar fractal dimensions of
∼2.95±0.05 and ∼2.9±0.006 for FISPSHNC and FISPNaSal

respectively. The fractal dimension of both FISPs indicates
that the FISPs is composed by fibrillar networks39,58. Further,
the fractal model also provides an approximation of the do-
main size (correlation length Cl) present in the FISPs at low-
q. We obtained a correlation length of Cl,SHNC=0.5±0.136 µm
for the FISPSHNC and Cl,NaSal=3.4±0.4 µm FISPNaSal. From
the flexible cylinder model, we obtained the Kuhn length (lk),
contour length (L) and radius (r) of the micelles at hight-q.
We then approximated the persistence length (a measure of
the flexural rigidity of the micelles) by using lk = 2lp

29,30,59.
The fitting of the high-q spectra of the FISPSHNC provides
values of lk=9 nm, L=25 nm, r=2.3 nm, and lp=4.5 nm.
Whereas the fitting of the scattering of FISPNaSal yields val-
ues of lk=3.6 nm, L=21 nm, r=2.2 nm, and lp=1.3 nm. Both
FISPs’ spectra present similar structural dimensions (Cl , Dl ,
lk, L, r, and lp). Nevertheless, the scattering data suggested
that the FISPNaSal is a more flexible structure with larger do-
mains (correlation length Cl,NaSal∼3.4±0.4 µm) in compari-
son to that of FISPSHNC.
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Fig. 14 Combined SANS and desmeared USANS spectra of both
FISPs. The spectra of the FISPs were fitted to a fractal model (low-q
region) and flexible cylinder model (high-q region). The fit of
FISPSHNC yields a fractal dimension of Df,SHNC=2.95±0.05 and
correlation length Cl,SHNC=0.5±0.136 µm. D f . While the fit of
FISPNaSal yields Df,NaSal=2.9±0.006 and correlation length
Cl,NaSal=3.4±4 µm. From the flexible cylinder model, the scattering
of the FISPSHNC yields a Kuhn length (lk) of ∼9 nm, contour length
(L) of ∼25 nm, radius (r) of ∼2.3 nm, and persistence length (lp) of
∼4.5 nm. While the scattering of FISPNaSal yields values of
lk ∼3.6 nm, L ∼21 nm, r ∼2.2 nm, and lp ∼1.8 nm.

4 Conclusions

In summary, we observed the formation of a stable micellar
network (FISP) by using a mixture of π − π hydrotropic or-
ganic salt (SHNC) and cationic surfactant CTAB in the semi-
dilute regime by using a microfludic device containing micro-
post arrays, by simply tuning the flow condition and micro-
spatial confinement under room temperature. We proposed
that the formation of FISP followed the same mechanism that
was suggested by Cardiel et al.23, where spatial confinement
from the micropost array, entropic and local micellar fluctua-
tions in the micropost array induced the formation of branched
micellar networks. The SHNC/CTAB precursor solution ex-
hibited flow birefringence, while such response disappeared in
the FISP, possibly due to the thickness and high entanglement
density in the FISP. We also showed that a weakly viscoelas-
tic micellar precursor could transition to a more viscoelastic
micellar network structure. The zero shear viscosity of the
precursor is around one order of magnitude smaller than that
of its FISP. We also observed that the FISP did not disinte-
grate at relatively high temperatures (30, 45, and 60 ◦C) by
using SANS and direct microscopy visualization from a mi-
croheater setup. However, precursor droplets began to form

in the FISP at temperature ≥47 ◦C. Nevertheless, we did not
observe a complete disintegration of the FISP at high temper-
atures.
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